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Moth sex pheromone communication has evolved to use complex blends of relatively
imple long-chain fatty acid precursors. Species specificity is derived from the unique

.iereochemistry of double bonds introduced into exact locations along the hydrocar-
bon backbone of fatty acids, which are reduced and then undergo a variety of chain-
'..hortening and functionalization reactions to form the pheromone blend. Key enzymes
hat have evolved to function in this system are the acyl coenzyme A desaturases, which

catalyze the introduction of the double bonds. This report gives an overview of the evolu-
ion of these enzymes, with an introduction to the newly arisen field of"semiochemical

genetics."

''V wards: phei-orisonc: desaturase: speciation: sciniochcmical 12,Cfleti('5

Introduction
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of animals, numbering inore than
I 10,000 named species ivoridwicle. Many of
leSe species are serious agricultural pests, such

the European corn i)OI'ei', which is i'esjoii-
oble for an estimated 1 billion reduction in

rn yield annually in the United States. A
-i bstantial amount of research effort has been
xpendcd on rncaiìs to control moth pests to

II litigate this problem. A major effort fOCUSeS
ill moth Sex pheioinoiie inoiogv

J o attract it male, a female moth ennis a
I )ICfld ofvolatile, long-chain fatt y acid hvdroear-

ins that act as a pheroinone. ihe pheromone
111 travel long distances (several kilometers

Ili some species) and is precisely constructed
to altr;ict a IllIlie of the correct species. '[lie
liii i!llIi'. IIhlLIli ho this pheromone blend me
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1 ivelv simple in structure. Over the louise of
moth cx,oliittoiiarviiistoi-N,,asyslcni hn evolved
ni which Species specificity is cnsiire I t hi'ough
the use of' complex blends of ' these sillIpli' liv-
drocarhoims. TO synthesize the eomple.\ ileiicls.
three key enzymatic reactions play arole: 1
chain shortening ofthc hydrocarbon backbone,
(2) reduction of acyl intermediates to alcohols,
and (3) desaturation at specific locations along
the hydrocarbon chain.

The enzymes that mediate the deahwratio1i
of long-chain fatty acids used to 661 , 111 moth

sex pheromone blends have been the 1i bject of

much study Ibr nearly three decades. l'he cii-
zymes have been identified as acyl coeIltyIflC A

(acyl-CoA) desaturases and form a niiiltigC
famih' Only within the past few \i'IrS have
studies beer conducted on the molccukir t'volie
tion of these genes. These studies have
c\(lal dilfei'eiit enzymes whose fiinet ,nal ri

I.itiolisliips arc mirrored in their phyli 10'flC

ilustering patterns. However, sevcral,_0cllcs VV

ist whose function has vet to be detrIiiIlied
including a class of recentl y diseo\'eii'(l desat
urase genes that have fused with a retiopOS°°'
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1liis lj) ( rt reviews the evolution of moth sex

11 lmem0ml1( )i mc desaturases.

System of Nomenclature

One :10 separate Lite acvl-Co.\ ties turases
olrnotil' into several diilcm'ent fimmictional classes
on the I )asiS of their activity and substrate sec i-
lid. Ii example, an en7Vme that catalyzes the

mmtrodmmc! ion ola double bond at the ninth car-
lion at( Fit of the hydrocarbon chain is known

as a A desaturase. 11 the enzyme acts on
inolecul .s that eon taill either 16 or 18 carbon
atoms hut shows a preference for the lhrmer,

it is 11iI tied a A9(1 6> 18). If the former were
lavored is a substrate, it would be terirmed a
A 90 8> 6) desaturasc. Also, certain eiizvnmes
are cai IJI)IC of multiple desaturase activities
and an named accordingl\ sticli as the A 10
12 dcs:um I mrases of' Boinbv iitori and Sjbodop/eia
IluIOiah/3 I I tat catalyze the iitroduction of clou-
hie hoitils at the 10111. 11th. or 12th carbon
atoms.

To d:iie, several diflerent functional classes
have hn characterized. They include the
A9(16> 18', A9(1 18> 16). A9(1 -, l -26), AM

11, A 1 2, and A II enzymes from a a-
rietv ol species the multifunctional A 10 1 2
(lesaturrises just mentioned: and an unusual
flliultilu a: tional enzyme from T/iaumelopoea pitt-
O(am/)a i hat Possesses A ii and A 1 3 clesat-
Urase :ativities as well as A 11 acetvlenase
acljvit\

Kill 1)1)1( , el al. proposed an alternative system
() I'11 011 ic i i c]attire based on phvlogenctic cluster-
11 PUiis. According to this system, certain
arrill io acid residues that are conserved ailloiig
all nieti ii wrs of a phvlogenctic dade of acvl-
CoA dm's;iturases are used to name the enzyme
that being to that dade. A species abhrevia-
U01 11 i5 :tko incorporated iiito the name 6w each
em17y1111. For instance. HassKPSE is an enzvnw
110111 JhIiiuverpa a,ou/Ia that possesses the con-
1CPccl :iinmo acid motif KPSl. 12 In this re-
Port, 1(11) not use this alternative classification

i\\L(Hfluiil

68	 C. parallela AF518021
0. nubilatis AF243047

51	 S. httoralis AY362878
8	 D. melanogaster CC5887

A. 9am biae CG5084168	 melanogaster CG592i,
'2	 0. nubilalis AF430246

100	 S. littoralis AY362877
99	 C. parallels AF518010

D. metanogaster CG7923
D. melanogaster CG8630

C. parallela AF518008
A. 9am biae CG47953

91 0. nubilalm EF113398
0. furnacalis EF113393 .J -'-•
0. nubilalis AF441 221

100	 P. octo AY017379
88 	 B. mori ABI 66851

C. parallela AF518014
S. littoralis AY362879

61	 1. pityocampa EF150363
A. gambiae CG55981

99	 D. melanogaster CG9747
es A. gambiae CG55979

100	 A. gambiae CG55982
._i214A. gambiae CG519>

D. melanogasit >3
S. littoralis NP AY362880

.A gambiae CG55969
96 D. melanogaster CG9743

0. nubilalis AF441 220
86	 A. gambiae CG54700

C. neofornians 5	 3

C. emecjans NM 075081
'F - .r— C aie>s NM c69854

Figure 1. Phylogeny of representative acyl-CoA
desaturases from moths and dipterans. Moth sex
pheromone desaturases are bracketed in red. The
tree was constructed from Poisson amino acid dis-
tances by using the neighbor-joining method with
1 000 bootstrap pseudoreplicates to assess dade
support; the program MEGA4 was used to con-
duct the analysis. 17 Desaturase protein sequences
from Caenorhabditis elegans and two fungi (Soccha-
romyces cerevisiae and Crypfococcus neoformans)
were included as outgroup taxa. The genes of D
melanogaster and A. gambiae were extracted from
their genome databases and denoted by their gene
identification numbers. The GenBank accession num-
bers for all other genes are given after their species
names. (In color in Annals online .I

imtlirnmatioii. which is critical to mmilhFI,uI)liflr
1111' (\oillIiOli	 ii	 i\ I-(o.\ (lllIuml151'.

Phylogenetic Relationships

Several studies have exutminccl the P1Y1°
mietic umlliliatioris of' mcth sex pheromone do-
sattirase enzymes.tm oil, 11.1.1 'lh summarize pal-
ial or missing information in some of' thesi

pr'VioIm5 studies, Figure I gives a phvlogeml\
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P1''°°'' clesti'aie cnzvnies and related
sequences Irorn the Drosophila iiu'/am.a1er and

Anopheles gambiac dipteran genon ics.
One can glean two important pieces of infor-

mation from the phylogcny in Figure 1 First,
moth sex pheromone desaturases do not form
a tnonophvletic group. Instead, certain iiinc-
tional classes are more closely related to
dipteran genes than they are to other modi
genes. This finding indicates that the acvl-
CoA desaturase multigene funi1v evolved he-
lore moths and flies diverged. 1 - " Second. the
clustering pattern indicates that acyl-CoA dc-
saturases must have been recruited to flinc-
don in sex pheromone communication uncle-
pcndently, multiple times. Otherwise, if the use
of acyl-CoA desaturases for sex pheromone
biosynthesis had arisen onl y once in moths, all
such ck saturases would form one monophvletic
group, which they do not.

In that context, the D. melanogaster desal I and
(I(w12 genes (denoted in the published geriorrie
database as CG5882 and CG592, respec-
tiv( , ly) are part of a dade that includes the
moth A9( 16> 18) genes and a putative desit-
itiase from the mosquito, A. gainbiae, that still
ncaits functional characterization. The gene

desal I functions in the Sex pheromone bios y n-
thetic pathway for D. ine/wiogasler via the biosyn-
thesis of cuticular diene hydrocarbons, and de-

Mi12 also has been implicated to play a role
III that regard in at least some strains of 1).

/Iic/ano.i'asier. 1 t. I.) The clustering ofthe desat I and
(Icva12 genes with the moth A9(16>18) genes
suggests that clesaturases were co-opted for sex
1)I1('I'onofle bios ynthesis before the divergence
of (lipterans and lepidopterans. In fact, some
sirinlarity exists between the pheromones oftri-
ii lopterans and those of lepiclopterans, suggest-
iiig that they should also be present in that
oicler. However, the genes might have been
independently co-opted after all three orders
diverged. Answering this question requires a
phyloenctic study that includes several pnti-
nAve lepidopteran, dipteran, and trichopteran
taxa, along with functional characterization of
the included desituurase genes.

Desaturase Homologues
with Unknown Functions

Several genes have been identified that are
clearly homologous to sex pheromone desat-
turases vet fail to yield it desaturated gene l d-
uct when assayed for function. Such genes have
been referred to as nonfunctional (NI"
respect to pheromone biosynthesis. One sncli
gene horn S. Iittora/i was mcludccl in the
logeuietic analysis conducted for this article. :\s
shown in Figure 1 this gene is highl y divergent
f'roni the main A9 and A 1013 sex pheromone
desaturase groups and clusters with a gene In in
I). rne/anogavter and a gene from A. gamhuo A

high bootstrap value (98%) supports the close
relat tons hij) of' these three genes and suggests
that all three are orthologties that may share the
same function. Serra et a/. urged studies to be-
gin assaying for functions, such as acetvlerutse
and hydroxylase activitY, to determine whether
desaturascs arc multifiiricnonah.	 i he same
should he clone for lie NF genes that do not
function as clesaturases but that may funct Ii )

as some other type of enzyme.
Perhaps the NF genes of moths could evolve

desaturase activity de noeo. Like the S. tittoro/is

NF gene, the A 14 gene Of ()sirinia species is
highly divergent front the main A9 and A 10
13 desaturase groups and ('lusters more closely
with fruit fl y and mosquito genes than with
other moth genes. To speculate that it evolved
cfesaturase function recently is tempting be-
cause no other lineage ofnioth is known to pos-
sess a functional A 14 gene! ) interestingly, Xuc
et a/. identified a previousl y unknown group of
desaturase homologues sedlueilce s present in
the genomes of' 0. lurnaca/is and1 0. nubi/alci

'['he genes apparently fbrnied hlom a fusion
between a A 11 gene and a long interspersed
element, which is a type of' retroposon. \\liat
function, if'any, these genes possess is unknown.
However, that the genes retain intact open
reading frames after at least I million years of
divergence time between the two species of 0.i-

trinia in which they were detected suggests that
they ma y he flinctional.
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A Role in Speciation

Ruelofs el a/. sIa)wed that changes in desist-
u'c genes can induce speciation ill
'11 cse authors studied 0. nubifali.v and 0. Joe-

aaI a11(1 SlI()Wed tilisi the folTo i_ned a A 11 de-
saturilSe to sviitliesize its female sex pheromone.
whci'eis the latter used a A ] 4. Presumably
thn shift was brought about through a switch
to the use a A 1 4 gene ill Jurnauths that
had evolved to function as a clesaturase. As
SO oi as this happened and the enzme was
recruited to fluietion ill phci'omone gland,
tlit' sex pheromone blend of the ancestral 0.
JlIina(a/l( population changed, thereby isolat-
m(f it froni other (presumably A 11 utilizing)
Populations, winch either went extinct or di-
verged into other species. This phenomenon
can be termed "pheromone shifting" and in-
volves gene dln1)hcation. gene loss, and/or non-
functionalization or silencing.

Several genetic meeliamsins call about
pheronione shifting. 1iie most obvious involves
a gene dlnpl icalioll event 6011ONNTC1 by functional
divergence of the duplicate. If the duplicate
"drops out of the sex pheromone biosynthesis
pathway, it will have no further c'lleet on sex
Pheromone bios ynthesis and. by extelision, will
not be involved in plwroniotie shifting. How-
ever, if it remains in the pathi\va\ the blend can
change through the addition of new pl'odLtcts
made by the functionall y divergent duplicate.
If the origmal gene drops out of the pathway,
then a difh'rent pheromone blend call

However, recent gene duplication need not
happen for 1)1lel'ohhio1w shifti ig 10 occur if sev-
eral paralogous gene sequences exist that are
('lose enough us fLmnetion to be co-opted into
the sex pliei' inone bios ynthesis pathway. Pre-
surnablv, this scenario explains the evOlLltiOfl of
the new A 1 1-synthesized blend of 0.Jirnaca/is.
Molecular clock studies reveal that moth clesat-
urase genes emerged long before lepidopter-
ans and chipterans diverged. This finding
explains uh', fur example, the moth A 11 gene
('lusters with clipteran genes instead of' other
liloth genes (Fig. I). It also indicates that the

A Il- gene was already present ill the genorne of'
the 0.1,rna'a/is ancestor beft)re it was recruited
into the sex pheromone biosynthetic 1)alhway
Also, the desaturase function niust have evolved
independently ill A 14 gene befbre its cc-
('ruitmnent Into the pathway because the gene
is not involved in the sex pheromone bios yn-
thetic )2ltls\vays in closel y related species.) 1: Ills
scenario may also explain the ('volutioll Of the
A9(1-1 -26) gene ill pam//eta: In
heor gene loss can (hive pheromone shift-

jug if' either multiple (lesatLirases take part ill
the pathway or a paralogue can be recruited
into the pathway in the event that onl y one de-
saturase is involved. Evidence fur this pm'ccess,
hiowevem has vet to be fbtnid.

Conclusions

The sex plid''o1Th)h1' desatnrase genes of
niotlis oiler a variety of interesting questions
to pursue ii germoiflics, genetics. biochemistry
chemical ecology, and molecular evolutionar
biology. Ill the knowledge and techniques
from all these fields have already been applied
to Several studies on moth sex pheromone dc-
saturases, ' ' 11, '['his newly emerging integra-
tive field that combines molecular, biochemical,
and ecolog'ical sciences cams he termed "5d'IlIiO-

cheniical genetics. Seeing whether it beconmes
the pm'e'i'i'ed approach fur future studies Of
phdm'omIlolu' biology ill be interesting'.
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